The electroencephalogram (EEG) has been used to detect episodes of cerebral ischemia during various surgical procedures. Recently, computerized systems for recording and interpreting the quantitative EEG (QEEG) have been used by anesthesiologists because of their ease of application, clarity of display, and reported ability to identify ischemic EEG changes. However, the extent to which automated techniques of QEEG interpretation reliably differentiate cerebral ischernia from the confounding effects of anesthetics and other sources of "artifact" is not completely established. In this study, EEGs were recorded before and after defibrillator testing in patients undergoing implantable cardioverter defibrillator (ICD) placement and during analogous time periods in control patients undergoing abdominal surgery. EEGs were subjected to standard visual inspection by an experienced electroencephalographer and QEEG analysis with a commercially available system was used for automated EEG interpretation in order to evaluate the reliability of this quantitative technique. The CIMON technique identified episodes which met previously defined criteria for QEEG cerebral dysfunction and ischemic pattern in both groups, despite the presumed absence of cerebral ischemia in the control patients. Since there was no evidence of cerebral &hernia in the raw EEGs of either the ICD patients or the controls, these QEEG changes were not confirmed by conventional techniques of EEG interpretation. Our results suggest that caution is warranted when using automated systems for intraoperative interpretation of EEG.
The electroencephalogram (EEG) has been used to detect episodes of cerebral ischemia during various surgical procedures. Recently, computerized systems for recording and interpreting the quantitative EEG (QEEG) have been used by anesthesiologists because of their ease of application, clarity of display, and reported ability to identify ischemic EEG changes. However, the extent to which automated techniques of QEEG interpretation reliably differentiate cerebral ischernia from the confounding effects of anesthetics and other sources of "artifact" is not completely established. In this study, EEGs were recorded before and after defibrillator testing in patients undergoing implantable cardioverter defibrillator (ICD) placement and during analogous time periods in control patients undergoing abdominal surgery. EEGs were subjected to standard visual inspection by an experienced electroencephalographer and QEEG analysis with a commercially available system was used for automated EEG interpretation in order to evaluate the reliability of this quantitative technique. The CIMON technique identified episodes which met previously defined criteria for QEEG cerebral dysfunction and ischemic pattern in both groups, despite the presumed absence of cerebral ischemia in the control patients. Since there was no evidence of cerebral &hernia in the raw EEGs of either the ICD patients or the controls, these QEEG changes were not confirmed by conventional techniques of EEG interpretation. Our results suggest that caution is warranted when using automated systems for intraoperative interpretation of EEG. (Anesth Analg 1995; 81:80-3) I ntraoperative monitoring of the electroencephalogram (EEG) has been used to detect cerebral ischemia during carotid endarterectomy, cardiopulmonary bypass, and implantable cardioverter defibrillator (ICD) placement (l-7). Changes in the raw EEG associated with cerebral hypoperfusion have been described (6,8) and correlated with alterations in regional cerebral blood flow during carotid occlusion (1). Quantitative EEG (QEEG) techniques, such as power spectral analysis, for interpreting intraoperative EEGs, have gained favor with anesthesiologists because of their relative ease of application, clarity of display, and purported ability to power as a function of frequency. Numerous descriptors of spectral QEEG data have been investigated to determine their ability to identify cerebral ischemia during carotid surgery (3,ll). For example, prolonged intraoperative decline in the spectral edge, a measure of the highest significant frequency component in the EEG spectrum, is predictive of postoperative neurologic complications in patients undergoing carotid endarterectomy (3).
Recently, intraoperative statistical analysis of power spectral based QEEG has been used to infer existing or impending neurologic injury from cerebral ischemia in patients undergoing cardiac procedures (4, 5, 12 
Methods
After approval by our institutional review board, seven ICD and six control subjects provided written, informed consent and participated in this study. Six of the ICD patients underwent initial implantation of the device (Cardiac Pacemakers, Inc., St. Paul, MN) and one patient underwent ICD generator change. For the patients undergoing ICD insertion, surgical placement of the ICD leads and generator was performed in routine fashion using a left minithoracotomy and a left subcostal incision (13). For the patient undergoing ICD generator change, only a left subcostal incision was necessary.
Intraoperative ICD testing was performed after the defibrillator leads and generator were inserted. In order to verify the lowest safety thresholds of lead functioning, ventricular dysrhythmias were induced using programmed electrical stimulation described in detail elsewhere (13). The control patients underwent total abdominal hysterectomy with or without bilateral salpingo-oophorectomy via a longitudinal midline laparotomy incision. Patients who had evidence of cerebrovascular disease were excluded from the study. Average age was 44 yr (range, 22-65 yr) for the ICD patients and 58 yr (range, 33-72 yr) for the control patients.
Usual monitors were used. General anesthesia was induced with fentanyl 2-5 pg/kg, midazolam 0.03-0.05 mg/kg, and thiopental3-5 mg/kg intravenously. Tracheal intubation was facilitated by either succinylcholine 1.5 mg/kg or vecuronium 0.1 mg/kg intravenously. Intermittent doses of vecuronium were given for maintenance of neuromuscular block. Anesthesia was maintained with a continuous fentanyl infusion (1-2 pg * kg-' * h-i > and N,O in 0, (70:30) supplemented with isoflurane 0.2%-0.5%,,,. Vasoactive drugs were administered as needed to maintain hemodynamic stability. This anesthetic technique was considered to be clinically appropriate for patients undergoing either procedure. It was chosen in order to standardize the conditions during which EEGs were collected and limit the confounding effects of intermittent dosing of opioids during EEG recording.
Scalp electrodes were applied according to the International lo-20 System using an electrode embedded nylon cap (ElectroCap International, Eaton, OH). Electrode impedances were maintained at less than 5000 ohms throughout the recording. Low and high pass filters were set at 70 Hz and 0.53 Hz, respectively, with a notch filter at 60 Hz. Intraoperatively, the EEG signal was sampled at 200 Hz per channel and stored digitally using a Cadwell
Spectrum 32 system (Cadwell Laboratories, Kennewick, WA). The raw and quantitative versions of two 5-min EEG segments, collected during stable anesthesia, were compared for evidence of cerebral ischemia. For both ICD patients and controls, the first segment was gathered at least 30 min after intubation, thus minimizing EEG alterations caused by induction of general anesthesia and surgical stimulation at incision. For the ICD patients, the second segment was selected between 5 and 15 min after completion of testing. For the control patients, the second segments were selected 30-60 min after the end of the first EEG segments, a period analogous to the second segment in the ICD patients. The raw EEG segments, displayed in a 19-channel longitudinal bipolar montage, were visually inspected for evidence of cerebral ischemia by a board certified electroencephalographer who was blinded to patient's group membership.
Ischemic EEG changes were identified by the presence of visually detectable decreases in fast frequency activity, increases in slow wave activity, or voltage attenuation in the second EEG segment as compared to the first. The QEEG segments, displayed in a fixed bipolar montage (C3-Cz, C4-Cz, T3-T5, T4-T6, P3-01, P4-02, F7-T3, F8-T4) were compared using the CIMON technique.
CIMON software relies on "band" spectral analysis in which power is determined for each frequency band (during each epoch) by fast Fourier transformation of the digitized EEG. Epoch length is fixed at 2.56 s and CIMON analysis requires a minimum interepoch interval of at least 10 s between analyzed epochs. Standard frequency bands were defined as 6 (1.5-3.5 Hz), 0 (3.5-7.5 Hz), (Y (7.5-12.5 Hz), and /3 (12.5-25 Hz). CIMON uses an automated system for artifact rejection, in which epochs that contain excessive amplitude, movement, or muscle activity are discarded (14) . Using a color scale, the "artifact-free" QEEG is displayed in a box representing each bipolar electrode pair (Figure 1 ) as either absolute power or relative power (expressed as a percentage of total power, 1.5-25 Hz) for each frequency band. All power measurements are log transformed to allow application of the parametric statistical methods used in the CIMON technique (15).
Using CIMON analysis, QEEG recorded from 24 artifact-free epochs, collected sequentially at 10-s intervals, is processed to create a baseline reference, the "self norm." This self norm consists of a numeric descriptor of EEG power for each frequency band at NEUROSURGICAL At right, the z-score scale in SD units (range, -3 to +3 SD) is shown. each electrode site or pair which is statistically compared with a "moving window average" of subsequent QEEG. Each moving window average consists of the mean value of power for a user-defined number (1-24) of epochs and is calculated every 10 s as the newest epoch is acquired and the oldest epoch is deleted. The moving window averages are displayed in a box representing each electrode site or pair as a stack of "poker chips" in which the most recently acquired moving window average is added to the bottom of the stack (Figure 1) . By comparing each moving window average to the previously established self norm, z-scores are calculated, in which differences from the self norm are expressed in SD units. In previous studies, CIMON criteria defined to represent meaningful changes were a ~-SD increase in relative low frequency (1.5-3.5 Hz) power persisting for 5 min in patients undergoing cardiopulmonary bypass (QEEG cerebral dysfunction) (4), and a ~-SD increase in absolute low-frequency power of 2.5 min duration in patients undergoing ICD testing (QEEG ischemic pattern) (12). For our purposes, QEEG recorded during the first segment was established as a self norm and was compared to the moving average windows of 3, QEEG lschemic pattern = 3 so increase i n absolute 6 (1.5-3.5 Hz) power persisting for ~2.5 min; QEEG cerebral dysfunction = 3 SD increase i n relatwe S (1.5-3.5 Hz as a percent of total power 1.5-25 Hz) power persisting for ~5 min; epochs i n average = number of epochs i ncl uded i n the moving window average. 10, and 20 epochs acquired during the second segment. The incidence of patterns corresponding to QEEG cerebral dysfunction (4) or ischemic pattern (12) was determined (Table 1) .
Results
The esophageal temperatures, end-tidal CO, values, end-tidal isoflurane concentrations, and mean arterial blood pressures were stable during the periods of EEG recording. Although ICD patients had episodes of hypotension related to defibrillator testing (average lowest mean arterial blood pressure 34 mm Hg, range 3-13 defibrillations per patient), no control patient experienced any intraoperative periods of hypotension (systolic blood pressure ~90 mm Hg). The raw EEG exhibited anesthetic-dependent patterns composed primarily of fast frequency components superimposed upon slower frequency activity during both periods of EEG recording. Visual comparison of these segments did not reveal any abnormal increase in slow frequency activity, loss of fast frequency activity, or voltage attenuation consistent with cerebral ischemia in either the ICD patients or the controls.
CIMON identified episodes of QEEG cerebral dysfunction and ischemic pattern in both ICD patients and controls. The likelihood of observing these QEEG patterns depended on the number of epochs included in the moving window average (Table 1) . When three epochs were included in this moving window, QEEG cerebral dysfunction was observed in one control patient and the ischemic pattern was apparent in two ICD and two control patients. When 10 epochs were included in the average, three of the controls and one of the ICD patients showed QEEG cerebral dysfunction while four of the controls and four of the ICD patients demonstrated the ischemic pattern. When 20 epochs were included in the moving average, another ICD patient exhibited the ischemic pattern and an additional control patient demonstrated Patients identified with either of these QEEG patterns with fewer epochs included in the moving window average continued to show the pattern when more epochs were included in the average. Only one ICD patient and two control patients exhibited neither QEEG cerebral dysfunction nor ischemic pattern (Table 1) . sources such as movement, skeletal muscle activity, cardiac impulses, and external electrical devices (16). Our results suggest that caution is warranted when using automated systems to monitor EEG during surgery, and support the position of the American Electroencephalographic Society that "the clinical application of quantitative EEG analysis is considered to be limited and adjunctive" (17).
Discussion
Although ischemic changes in the raw EEG have been demonstrated (6) and a cumulative ischemic QEEG effect has been described in patients undergoing ICD testing (12), an electroencephalographer was unable to detect ischemic changes in the EEG recordings of patients undergoing ICD insertion in our study. Likewise, no raw EEG evidence of cerebral ischemia was detected in the control patients. In contrast, using the CIMON technique, frequent episodes of QEEG cerebral dysfunction (4) and QEEG ischemic pattern (12) were observed in both groups, despite the presumed adequacy of cerebral perfusion in the surgical controls and the lack of raw EEG evidence of cerebral ischemia in the ICD patients. In the absence of an independent measure of cerebral perfusion in our study, it is possible that CIMON methodology is more sensitive to cerebral ischemia than conventional visual techniques of EEG assessment; however, it appears that the clinical application of the technique is limited by its lack of specificity.
